We demonstrate the synthesis, and investigate the electrical and optical characteristics of "nanocorals" (NCs) composed of CuO/ZnO grown at low temperature through the hydrothermal approach. High density CuO nanostructures (NSs) were selectively grown on ZnO nanorods (NRs). The synthesized NCs were used to fabricate p-n heterojunctions that were investigated by the current density-voltage (J-V) and the capacitance-voltage (C-V) techniques. It was found that the NCs heterojunctions exhibit a well-defined diode behavior with a threshold voltage of about 1.54 V and relatively high rectification factor of ~ 760. The detailed forward J-V characteristics revealed that the current transport is controlled by an ohmic behavior for V ≤ 0.15 V, whereas at moderate voltages 1.46 ≤ V < 1.5 the current follows J α exp (βV) relationship. At higher voltages (≥ 1.5 V) the current follows the relation J α V 2 , indicating that the space-charge-limited current mechanism is the dominant current transport. The C-V measurement indicated that the NCs diode has an abrupt junction. The grown CuO/ZnO NCs exhibited broad light absorption range that is covering the UV and the entire visible part of the spectrum.
Introduction
Fabrication of semiconductor devices from their basic building blocks into more complex structures applying the bottom up approach has intensified the global research activities in the last decades. Metal oxides nanostructures (NSs) in particular, are synthesized into very complex structures ranging from nanoparticles to hyper-branched NSs using both low and high temperature growth methodologies [1, 2] . The increased complexity of NSs combined with their relatively high surface area to volume ratio provide excellent chemical, optical, and electrical properties that can be tailored to fabricate future intelligent nano-systems. However, fundamental understanding of the electro-optical properties of these NSs and their fabricated nano-devices is important for developing new applications.
As n-type metal oxide semiconductor, zinc oxide (ZnO) has attracted intensive research attention owing to its diverse interesting properties such as electro-optical, piezoelectric, and magnetic properties [3] [4] [5] [6] . With a direct wide band gap (3.37 eV) and relatively large exciton binding energy of (60 meV) ZnO has been widely investigated for many optoelectronic, chemical and bio sensing applications [7] [8] [9] . ZnO on the other hand offers the most diverse family of NSs compared to any other metal oxide material known today. To obtain ZnO NSs there are easy synthetic routes at low and high temperatures [10, 11] . The possibility to use relatively low growth temperature (˂ 100 o C) is enabling the fabrication of these new nano-devices on soft substrates, e.g. on paper as we demonstrated recently [12] .
Likewise, cupric oxide (CuO) is another metal oxide material that has been substantially explored for various fields of applications. As a p-type semiconductor having a narrow band gap of (1.35 eV), CuO has great potential as a field emitter, catalyst and as a gas-3 sensing medium [13] [14] [15] . The physiochemical properties of CuO such as the photoconductivity and the photochemistry can be tailored for fabricating optical switches and solar cells [16] . Different CuO NSs with diverse morphologies were grown using various methods ranging from nanoparticles (NPs) to complex dandelion-shaped hollow structures [17] [18] [19] [20] . However, CuO NSs grown through these methods were limitedly applied to the growth of CuO nanopowders since they demonstrated poor adhesion to substrates in general [21] . This will limit CuO NSs functionality for electronic applications due to the lack of intimate junction.
The heterojunction of these two important metal oxides CuO/ZnO was studied for junctions obtained by either mechanical compression or by sputtering procedure, and the samples were further used as gas sensors [22] [23] [24] [25] [26] . Although heterojunctions of CuO/ZnO obtained using these procedures exhibited rectifying characteristics they have been assembled in a rather primitive way as mentioned above, e.g. using mechanical compression of ZnO on CuO polycrystalline pellets. So far no reports on CuO/ZnO heterojunctions that were achieved by direct growth of CuO NSs on ZnO NRs have been demonstrated. Recently, few attempts of growing CuO/ZnO composites were performed [27] [28] [29] [30] . For these composites either high temperature or expensive UV growth procedures were used. In general the structural, optical, and photovoltaic results presented in these studies suggest that this composite carries great potential for different device applications.
Here, we report the fabrication and characterization of CuO/ZnO nanocorals (NCs) p-n heterojunction on ITO substrate at low temperature of 60 o C. The CuO NSs were specifically assembled on ZnO nanorods (NRs). Therefore, we have successfully overcome both the poor reproducibility of mechanical contacts and solved the substrate adhesion problem of CuO nanomaterial. Moreover, the synthesized NCs revealed broad light absorption that is covering the UV-Vis-NIR range of the spectrum. The fabricated NCs p-n diode exhibited excellent electrical characteristics with obvious rectifying behavior that may be used to construct solar cells, photodetectors and gas sensors.
Experimental
The fabrication of CuO/ZnO NCs based p-n diode started by growth using two step hydrothermal procedures. In the first procedure well aligned ZnO NRs were grown as reported recently [11] . In short, ZnO NPs solution prepared by modifying the procedure described by Pacholiski et al. [31] was deposited on an ITO substrate by spin coating process. The pre-coated Detailed TEM measurements (not shown here) revealed that in general there are no crystallographic relations between the two oxide NSs which is in good agreement with previous reports [30] . The XRD pattern of CuO/ZnO NCs exhibits three diffraction peaks as shown in Fig.   2b . As clearly visible CuO NSs exhibited a weak and broad XRD peaks which can be ascribed to small CuO nanocrystals that were assembled through the well know oriented attachment process [17] [18] [19] . No additional peaks related to other phases such as Cu, Cu(OH) 2 along with the ohmic contact characteristics of both contacts to CuO NSs and ZnO NRs (inset).
The ohmic contacts exhibit low specific resistances without performing any annealing steps after the device was fabricated. The contact resistance of Au and ITO to CuO and ZnO were found to be about 3.2 10 -3 Ω and 1.7 10 -3 Ω, respectively.
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The relationship between the current and the applied voltage across the heterojunction can be expressed as [32] .
where the pre-exponential factor I o is the reverse saturation current, V is the applied voltage across the junction, R s is the series resistance included to account for the deviation of the I-V curve from linearity at high current region, V i = kT/q is the thermal voltage, k is Boltzmann constant, T is the absolute temperature, and n is the so-called junction ideality factor. The ideality factor is determined from the slope of the straight line region of the forward bias log I-V characteristics. By using Eq. (1) suggests that the diode series resistance (R s ) plays a major role at high forward bias as expected.
By using Eq. (1) and plotting I/(dI/dV) against the current, one attains a linear curve as shown in Fig. 4b . The graph has an intercept of (nV i ) at I = 0 and a slope of R s . Consequently, the ideality factor n can also be obtained using Fig. 4b to be 6.80 which in close agreement with the value determined above. The diode series resistance was found to be 369 Ω and this value is consistent with the experimental curve. The high ideality factor in the present NCs heterojunction diode can be attributed to the large series resistance, defect states existing in the interface of CuO/ZnO and the parasitic rectifying junction within the NCs diode [33] . Figures 5(a) shows the log-log (J-V) characteristics plot at forward bias. It is evident from Fig. 5a that the NCs diode edge and the Fermi level E Fn (Δε n = E C -E F ) of ~ 0.05 eV were reported for ZnO [41] . Whereas an electron affinity (χ e ZnO ) of 4.35 eV was reported for ZnO [42] . reported to be 0.13 eV, and 4.07 eV, respectively, [43, 44] . 
Conclusions
In summary, a controlled hydrothermal approach was used to synthesis well 15
Figure 6
The absorption spectra of ZnO NRs, as-grown CuO/ZnO NCs, and CuO/ZnO NCs annealed for 1 h under O2 flow at 400 o C.
Figure 7
The constructed energy band diagram of the CuO/ZnO NCs heterojunction under thermal equilibrium conditions.
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